The multiband nature of iron pnictides gives rise to a rich temperature-doping phase diagram of competing orders and a plethora of collective phenomena.
An important aim in the study of iron-based superconductors is to elucidate the mechanism of electron pairing responsible for superconductivity and its relation to adjacent phases (1) (2) (3) .
Most FeAs compounds share a common phase diagram which in the underdoped region is marked by a tetragonal-to-orthorhombic structural transition at T S followed by a magnetic ordering transition at T SDW of collinear spin stripes which either precedes or coincides with T S (4, 5) . Here, spin susceptibility and relaxation rate 1/T 1 T demonstrate critical enhancement upon approaching the SDW transition (6) (7) (8) . On introducing dopant atoms, superconductivity emerges with a transition temperature T c of tens of degrees (1) . At these dopings, the spin susceptibility data show that when going away from the SDW phase the enhancement is rapidly suppressed (9) (10) (11) (12) (13) . While the close proximity to magnetic order naturally favors spin fluctuations as a candidate in providing the glue for Cooper pairs (3), suppressed spin fluctuations appear to be insufficient in explaining the whole temperature-doping (T −x) phase diagram (SOM, Fig. S1 ).
So far, no clear consensus has been reached on the symmetry of the superconducting order parameter (OP). Theories building on spin fluctuations favor unconventional s ± pairing in which the superconducting OP changes sign between electron-and hole-like FSs (14) . Yet, other theories embrace orbital fluctuations building on superconductivity with s ++ -pairing in which there is no sign change (15) . Recently, orbital antiphase s ± has been proposed in which the pairing function of the Fe d xy orbital has opposite sign to the d xz and d yz orbitals (16) , as well as orbital triplet pairing (17) . Experimentally, scanning tunneling microscopy (STM) sensitive to quasiparticle interference infers an OP with sign-reversal (18) . INS measurements have inferred s ± -pairing in BaFe 2−x Co x As 2 (19) or NaFe 0.935 Co 0.045 As (13) . Heat transport measurements on Ba(Fe 1−x Co x )As x (20) and thermal conductivity measurements on (Ba,K)Fe 2 As 2 (21) and BaFe 2 (As 1−x P x ) 2 (22) are suggestive of accidental nodes. These results were interpreted in terms of competing pairing interactions with a crossover from an s−wave to d−wave OP (21) or s ± to s ++ with doping or increased impurity level.
Here we use polarization-resolved electronic Raman spectroscopy to study the temperature, frequency and doping dependence of the Raman susceptibility of NaFe 1−x Co x As in the normal and superconducting state. In a wide range of temperatures and dopings above the T S (x) and T c (x) lines we find that the normal state properties are governed by the emergence of collective charge fluctuations of XY −symmetry displaying critical behavior upon cooling with the system striving to reach an orbitally-ordered state with broken four-fold rotational C 4 −symmetry at the hidden temperature T 0 (x). In the low doping region, the formation of the pursued ordering is intervened by the structural transition which is characterized by doubling of the unit cell and a gapped density wave (DW) state. At higher dopings the orbital ordering is prohibited by the superconducting phase, but the fluctuations serve as the pairing glue. In the lowest temperature in the tetragonal phase. However, starting close to T S , their occupation degeneracy is lifted with a splitting which amounts to 35 meV at low temperatures (24, 25) .
Doping NaFeAs with Co is an isovalent substitution with Fe in which the overall charge of the two cations are kept constant. However, it controls the orbital content and changes the sizes of the electron and hole pockets which has profound impacts on the physical properties (26) .
For NaFeAs, the Γ hole pocket and the outer part of the δ/ electron pocket are shown to have near-equal sizes promoting nesting between the holes and electrons, Fig. 1C . With Co-doping, shown in Fig. 1D , the bands shifts downward with respect to the Fermi level E F and the α and β hole pockets eventually vanishes below the Fermi level (26) . The γ hole pocket becomes smaller while the δ/ electron pocket grows in size which will consequently cause a gradually vanishing nesting.
The temperature or doping dependent electronic Raman susceptibility χ (ω, T, x) reveals the dynamics of collective excitations and provides an unambiguous identification of their symmetry. In contrast to other symmetry sensitive probes requiring external perturbations, as strain field (7, 27) or magnetic techniques (6, (9) (10) (11) (12) 28) , the photon field used in Raman spectroscopy is weak and as such presents an ideal tool to study the dynamics and symmetry of fluctuations and collective excitations without introducing external perturbations (29) (30) (31) (32) .
The Raman response function is sensitive to charge density fluctuations driven by the incident and scattered photon fields. For a given scattering geometry with polarization vectors e I and e S for the incident and scattered photons, the Raman susceptibility is given by,
In the effective mass approximation, ρ I,S = i,j e The Raman response, eq. (1) of a normal plasma represents a broad featureless continuum (35) . In the BCS single band s-wave superconductor the response is non-zero only for ω > 2∆, and is marked by the square root divergence at ω = 2∆, (29) . In addition, if a non-s-wave
Cooper channel is attractive, the Bardasis-Schrieffer mode forms below 2∆. These modes are excited by photons only indirectly as a transformation of a particle-hole (p-h) into a Cooper pair requires assistance of the condensate (36, 37) . The very same reasoning implies that p-h and particle-particle (p-p) are inseparable in the presence of a condensate. This statement does not apply to multiband superconductors with sign changing gap (38) .
In multiband superconductors we differentiate between weak and strong interband interac-tions. In the first scenario, which applies to MgB 2 , the low energy Leggett mode results from coherent Cooper pair interband tunneling (30, 39, 40) . Here we focus on the second possibility, which applies to NaFe x Co 1−x As, where the Leggett mode is pushed above 2∆ and is undetectable. Instead, p-h rather than Cooper pairs were proposed to form a bound exciton in A 1g
symmetry consistent with an s ± -wave symmetric condensate. This p-h exciton, ω
is represented by in-phase breathing of the electron and hole FSs. Such a breathing mode entails charge transfer between the two pockets ( Fig. 7B and fig. S2B ) and turns the repulsion into an effective attraction (41) similar to the reasoning leading to s ± superconductivity. This similarity implies that the intra-pocket repulsion is detrimental to ω The two sharp modes in χ A 1g at 164 and 195 cm −1 , and in χ B 1g at 211 cm −1 observed in the spectra for all dopings and temperatures are phonon excitations (Fig. 2GHI ), as they are expected for the 111-family crystallographic structure (43) . The frequencies of these phonons increase slightly with cooling, typical of anharmonic behavior, and do not display any anomalies in self-energy upon crossing phase transition lines.
For low dopings, the χ A 1g susceptibility displays an overall enhancement of the spectra upon transversing the high-temperature tetragonal phase to the orthorhombic and SDW phases which maximizes at lower temperatures. For x 0.0175, the most important changes occur in the low-frequency region below 200 cm −1 when crossing from the normal into the superconducting state. Here χ A 1g displays markedly different dynamics above and below T c (x), with featureless spectra above T c (x) and below, one or more superconducting features in the range of 70 cm −1 .
The B 2g symmetry channel, χ XY (ω) contains several characteristics: (i) a broad peak extending to about 400 cm −1 , indicated by green shading, which is dominating in the entire tetragonal phase above the T S (x) and T c (x) lines; (ii) a low-frequency suppression and coherence peak in the orthorhombic phase, indicated by light blue shading; (iii) a sharp resonance in the superconducting phase, indicated by blue shading; (iv) a broad continuum which diminishes with doping, indicated by blue shading (Fig. S7A) ; (v) a minor feature at 250 cm −1 present at all temperatures which decreases with doping, indicated by magenta shading (Fig. S7A ).
In the tetragonal phase, above the T S (x) and T c (x) lines, χ XY (ω) can be decomposed into three components (Fig. S7A) which includes a continuum, a minor peak at 250 cm −1 and a broad mode of relaxational shape.
Both the intensity of the continuum and of the 250 cm −1 mode diminishes rapidly with doping, and vanishes near x 0.025 (Fig. S7BD) . They likely involve the β band as its FS reduces with doping (See Fig. 1BD ) with the continuum due to intraband excitations and the 250 cm −1 mode due to α-to-β interband transitions. This finding is consistent with firstprinciple calculations taking into account spin-orbit coupling, Fig. 1C and fig. S5 .
In the tetragonal phase above T S (x) and T c (x), χ XY (ω, T, x) reveals the emergence of broad quasielastic scattering (QES) peaked at ω P (T, x) (Figs. 4,5 and fig. S7 ). The intensity of this feature is weak at high temperatures. Upon cooling, it softens and gains in intensity, where it maximizes at the T S (x)−line and near T c (x). The QES is suppressed abruptly below T S (x).
Below T c (x) the intensity reappears as a sharp resonance at ω
57 cm −1 (7.1 meV) which gains in strength upon cooling deeper into the superconducting state, Figs. 4F,5. It is remarkable that at base temperature the extraordinarily strength of this resonance is stronger than the phonon modes, Fig. 4F .
The shape of the broad peak can be described as a relaxational mode (RM), χ
The intensity of the RM decreases with doping (Fig. S7C) . The frequency ω P (T, x) decreases linearly upon cooling below 100 K for all dopings, The behavior of χ XY (ω, T, x) cannot be understood in a scenario of non-interacting incoherent quasiparticle excitations which would only produce a featureless low-frequency response in χ XY (ω, T, x) (29). Thus, the χ XY (ω, T, x) susceptibility in the B 2g symmetry channel exhibiting emergent critical behavior is a result of electronic interactions. In order to capture the collective behavior of the RM we use an expression for interacting susceptibilities,
Here, λ is the coupling of light to the quadrupole fluctuations in XY symmetry (mainly to the γ and β bands (Fig. S6) ) χ indicating that the critical slowdown is intervened abruptly at T S (x) approximately 20 K above
The critical quadrupole fluctuations above T S (x) and T c (x) seek to establish a ground state at T 0 (x) in which the quadrupole lattice is ordered in a Γ + 4 orbital pattern (Fig. S4A) . The critical behavior of χ XY (ω, T, x) foretells the approaching second order phase transition which is destined to break C 4 −symmetry, but without instigating a DW instability.
In the orthorhombic phase χ XY (ω, T, x) is characterized by a low-frequency suppression of spectral weight which develops below T S (x). Simultaneously, a peak at 2∆ DW emerges upon cooling (Figs. 4ABDE) . For x=0, 2∆ DW is at 300 cm −1 and decreases with doping. We now consider the nature of the structural instability at T S (x) which intervenes the formation of the pursued Γ + 4 quadrupole state described above (Fig. S3A) . At the M-point in k-space, the quadrupole excitations are doubly degenerate with two possibilities of orbital stripe patterns along either the x or y direction ( 68 cm −1 (8.5 meV), 2∆ γ and 2∆ δ are present from x=0.0175 to x=0.05, and are nearly independent of doping (Fig. S4A) . 2∆ γ and 2∆ δ are consistent with ARPES (26, 47) and are assigned as pair-breaking excitations across the corresponding superconducting gaps (Fig. 6) . The width of ω
remains at less than 1 meV from x=0.0175 to x=0.0225 (Fig. S4B) whereafter it broadens and its intensity diminishes gradually until it vanishes before x=0.08. ω
25 cm −1 (3.1 meV) appears at the boundary of the DW phase (x=0.0175) and becomes stronger for decreasing doping while ω
weakens (Fig. 7A and fig. S4C ). All of ω
and ω
qualify as true ingap excitations as their energy lies below the minimal quasiparticle gap, 2∆ γ , Fig. 6 . For lower dopings, no superconducting features are observed (Fig. 6 and fig. S4C ).
Next we interpret the spectrum of collective modes, Fig. 7A . We assign ω
to a p-h charge exciton as suggested in Ref. (31, 41) . The significant intensity of the ω
mode suggests that it couples to light directly, implying that it is the d-wave counterpart of the ω
exciton. Because χ XY (ω, T, x) is controlled by a large coupling constant, g (eq. (2)), the ω
resonance, which is facilitated by the positive feedback of the superconductivity, emerges from the RM upon cooling through T c while retaining its identity as a bound state of d ± p-h plasma oscillations.
To elucidate this mechanism, we argue that the ω
exciton promotes s ± pairing. The latter is stabilized if the inter-pocket repulsion exceeds the intra-pocket interaction. Therefore, the optimal situation is reached when the exciton mediated attraction neutralizes the intra-pocket repulsion (3) . Such an attraction is operational at energies below ω
and is similar to the attraction in the BCS model. The superconducting gap in turn removes low-lying excitations, promoting the coherence of the ω
exciton and pulls it up in energy with more electrons benefitting from the attraction. As a result, the ω
exciton acts as a mediator for the s ± Cooper pairing and is itself affected by the superconductivity.
The same argument when applied to a symmetric p-h channel shows how the strong ω
exciton assists ω
. Indeed, suppression of intra-pocket repulsion stabilizes ω
in the same way as it stabilizes the s ± pairing. Thus our main assumption of a large d ± -wave coupling constant g yields the RM above T c , the s ± superconductivity, and both ω
below T c .
The much weaker B 2g feature, ω
exists only in a narrow doping window of DW and superconductivity coexistence (12, 26) which we attribute to a Bardasis-Schrieffer exciton, forms.
As the energy of the ω
exciton softens at the transition to the coexistence region it decouples from ω p-h B 2g (37, 38) . This allows ω
to survive as a distinct excitation by borrowing spectral
.
Our study of NaFe 1−x Co x As reveals a number of phenomena giving rise to new insights into superconductivity in iron pnictides. The results point to a common origin of the normal state near-critical dynamics and superconductivity. We find that the tetragonal phase is dominated by non-symmetric interband collective excitations possible only in multiband materials. These are the correlated plasma waves of quadrupole excitations. In the normal state, these plasmons exhibit critical slowdown which are intervened by the structural transition at low dopings and by superconductivity at higher dopings. Below T c , the near-critical plasmons undergo a metamorphosis into an anomalously sharp and strong particle-hole exciton modes carrying most of the spectral weight. This transformation is due to the positive feedback of the exciton to the superconductivity. We hence present a consistent picture of superconductivity in its relation to the normal state properties valid across the entire phase diagram. These findings elucidate the origin of superconductivity in NaFe 1−x Co x As, and being of general character, have relevance to the whole family of iron pnictides. T ) ) at dopings x=0, x=0.015 and x=0.0175. The structural transition T S (x) is indicated on the temperature axis, and the coherence peak, 2∆ DW on the frequency axis for x=0 and x=0.015. (D to F) χ XY (ω) for T ≤100 K displaced vertically for clarity. All dopings show the development of the relaxational mode (RM) in the tetragonal phase described by, A(x)[ω P (T, x) − iω] −1 ; x=0 and x=0.015 show the development of the coherence peak and spectral weight suppression in the orthorhombic phase; x=0.0175 show the emergence of the sharp resonance in the superconducting phase. The insets display ω P (T, x) versus temperature. are shown together with their spectroscopic signatures in the Raman data. The data was obtained with an excitation energy of ω L =2.6 eV, except for the two lighter blue data containing ω
where ω L =1.91 eV was used. The former is close to resonance condition while the latter is pre-resonant which changes the couplings to the modes in the p-h and p-p channels. originates from the p-p channel.
